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Allogeneic hematopoietic cell transplantation (HCT) provides effec-
tive treatment for hematologic malignancies and immune disor-
ders. Monitoring of posttransplant complications is critical, yet
current diagnostic options are limited. Here, we show that cell-
free DNA (cfDNA) in blood is a versatile analyte for monitoring of
the most important complications that occur after HCT: graft-ver-
sus-host disease (GVHD), a frequent immune complication of HCT,
infection, relapse of underlying disease, and graft failure. We dem-
onstrate that these therapeutic complications are informed from a
single assay, low-coverage bisulfite sequencing of c¢fDNA, fol-
lowed by disease-specific bioinformatic analyses. To inform GVHD,
we profile cfDNA methylation marks to trace the cfDNA tissues-of-
origin and to quantify tissue-specific injury. To inform infection,
we implement metagenomic ¢fDNA profiling. To inform cancer
relapse, we implement analyses of tumor-specific genomic aberra-
tions. Finally, to detect graft failure, we quantify the proportion
of donor- and recipient-specific cfDNA. We applied this assay to
170 plasma samples collected from 27 HCT recipients at predeter-
mined timepoints before and after allogeneic HCT. We found that
the abundance of solid-organ-derived ¢fDNA in the blood at 1 mo
after HCT is predictive of acute GVHD (area under the curve, 0.88).
Metagenomic profiling of c¢fDNA revealed the frequent occurrence
of viral reactivation in this patient population. The fraction of
donor-specific cfDNA was indicative of relapse and remission, and
the fraction of tumor-specific c(fDNA was informative of cancer
relapse. This proof-of-principle study shows that ¢fDNA has the
potential to improve the care of allogeneic HCT recipients by
enabling earlier detection and better prediction of the complex
array of complications that occur after HCT.
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M ore than 30,000 patients undergo allogeneic hematopoi-
etic cell transplants (HCT) worldwide each year for
treatment of malignant and nonmalignant hematologic diseases
(1-3). Yet, a myriad of complications occur in this patient pop-
ulation. For example, up to 50% of patients experience graft-
versus-host disease (GVHD), an immune response in which
donor immune cells attack recipient tissues in the first year
after transplantation (2, 4-6). Complications due to infection
also occur frequently, mostly in the first year after transplanta-
tion, with bacterial and viral infection occurring in 52 and
57.9% of patients, respectively (7, 8). In addition, up to 50% of
patients treated for malignant hematologic diseases suffer can-
cer relapse (9, 10). Last, graft failure is a major complication of
HCT (11-14).

Patient monitoring for post-HCT complications relies on a
complex combination of diagnostic assays. Early and accurate
diagnosis of GVHD is critical to inform treatment decisions
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and to prevent serious long-term complications. Unfortu-
nately, there are few noninvasive diagnostic options that
reliably identify patients early after the onset of GVHD symp-
toms: In current practice, diagnosis of GVHD relies primarily
on clinical symptoms and requires confirmation with invasive
procedures, such as biopsies of the gastrointestinal tract, skin,
or liver (15). Furthermore, there is a critical need for tools
that can broadly and sensitively inform infection. A wide range
of microorganisms can cause disease after HCT, and infection
testing currently relies on a combination of bacterial culture
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Fig. 1.
seven or more predetermined timepoints. (C) Patient cohort characteristics.

that are slow and suffer from a high false-negative rate and
viral PCRs which have limited multiplexity. To screen for can-
cer recurrence, the presence of cancer cells in the circulation is
used as a prognostic marker for relapse and disease-free sur-
vival. Current monitoring options of minimal residual disease
include flow-cytometry and qPCR. However, these technolo-
gies are insensitive to genetic and phenotypic changes (16).
Donor chimerism is currently used to quantify engraftment,
relapse, and graft loss but relies on the analysis of living cells
and may not be sensitive to the high turnover rate of leukemic
cells (17).

Here, we investigate the utility of circulating cell-free DNA
(cfDNA) as a versatile analyte to monitor HCT recipients after
transplantation. cfDNA in the blood of HCT recipients is a com-
plex mixture of DNA from several sources: different tissues,
microbes, donor cells, and tumor cells (18-20) (Fig. 14). In this
work, we demonstrate that a single assay, genome-wide methyla-
tion profiling of cfDNA, enables simultaneous monitoring of the
major complications that arise after HCT. First, we show that
methylation profiling by whole-genome bisulfite sequencing of
cfDNA can be used to quantify the tissues-of-origin of cfDNA to
thereby detect and quantify tissue injury due to GVHD after
HCT. Second, we demonstrate the possibility to identify infec-
tious agents via whole-genome bisulfite sequencing of cfDNA.
Last, we show that the levels of donor- and tumor-derived
cfDNA can inform engraftment, mixed chimerism, and cancer
relapse. Together, this study provides a proof of principle that
cfDNA profiling can be used to simultaneously monitor immune,
cancer, and infectious complications and treatment failure after
allogeneic HCT.

Results

We performed a prospective cohort study to evaluate the utility
of cfDNA to predict and monitor GVHD, infection, cancer
relapse, and treatment failure after allogeneic HCT. We
selected 27 adults that underwent allogeneic HCT and assayed
a total of 170 serial plasma samples collected at seven predeter-
mined timepoints, including before conditioning chemotherapy,
on the day of but before hematopoietic cell infusion, after neu-
trophil engraftment (>500 neutrophils per microliter), and at 1,
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2, 3, and 6 mo post-HCT (Fig. 1B). Additional samples were
collected at the time of presentation of complications, such as
symptoms of BK disease. The test cohort included patients with
both malignant (» = 25) and nonmalignant blood disorders
(n = 2) (Fig. 1C and SI Appendix, Table 1). Prior to condition-
ing, patient tumor cells were genotyped using a targeted deep
sequencing panel (21) (n = 20 total, 6 patients with copy number
alterations [CNAs]). In total, 14 patients developed acute
GVHD (GVHD+) and 13 did not (GVHD-), four patients
experienced graft failure, seven developed BK virus viremia, and
five patients suffered cancer recurrence (Fig. 1C) (Materials and
Methods and SI Appendix).

We isolated cfDNA from plasma (0.5 to 1.9 mL per sample)
and implemented whole-genome bisulfite sequencing and bio-
informatic analyses to profile epigenetic and genetic marks
within cfDNA that may inform the diverse complications that
arise after HCT. We implemented a single-stranded DNA
(ssDNA) library preparation to obtain sequence information
after bisulfite conversion (22, 23). This ssDNA library prepara-
tion avoids degradation of adapter-bound molecules, which is
common for WGBS library preparations that rely on ligation of
methylated adapters before bisulfite conversion and avoids
amplification biases inherent to WGBS library preparations
that implement random priming (24). We obtained 39 + 14 mil-
lion paired-end reads per sample, corresponding to 0.96 + 0.4-
fold per-base human genome coverage and achieved a high
bisulfite conversion efficiency (99.4 + 0.4%). We used paired-
end read mapping to characterize the length of bisulfite-treated
cfDNA at single-nucleotide resolution and to investigate poten-
tial degradation of cfDNA due to bisulfite treatment. This
analysis revealed a fragmentation profile similar to the frag-
mentation profile previously reported for plasma cfDNA that
was not subjected to bisulfite treatment (25). The mode of frag-
ments longer than 100 base pairs (bp) was 165 + 7 bp, and Fou-
rier analysis revealed a 10.4-bp periodicity in the fragment
length profile (SI Appendix, Fig. 1). A second peak at 60 to 90
bp in the fragment length profile is characteristic of single-
stranded library preparation methods and was reported previ-
ously (22, 26). Overall, we do not find evidence of significant
cfDNA fragmentation due to bisulfite treatment, in line with a
recent report (27).
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Fig. 2. Host-derived ¢fDNA dynamics before and after HCT. (A) Uniform manifold approximation and projection (UMAP) dimensional reduction of cell
and tissue methylation profiles. Individual tissues are colored by UMAP coordinates using a linear gradient where each of the four corners is either cyan,
magenta, yellow, or black. (B) Examples of cfDNA dynamics in the case of severe GVHD (patient 003, Top) and no GVHD (patient 017, Bottom) in the first
3 mo posttransplant. (C and D) Effect of conditioning and HCT infusion on cfDNA composition (C) and absolute concentration (D). (E) Solid-organ-derived
cfDNA concentration in plasma. Top: solid-organ cfDNA and days posttransplant for each patient timepoint. Bottom: solid-organ cfDNA by timepoint.
Samples are removed from analysis if plasma was collected after GVHD diagnosis. *P < 0.05; **P < 0.01; ***P < 0.001.

Temporal Dynamics of cfDNA Tissues-of-Origin in Response to
Conditioning Therapy and HCT. We first examined the utility of
cfDNA tissues-of-origin by methylation profiling to identify
organ injury due to GVHD after HCT in plasma samples
obtained prior to the clinical diagnosis of GVHD. To quantify
the relative proportion of cfDNA derived from different vascu-
larized tissues and hematologic cell types, we analyzed cfDNA
methylation profiles against a reference set of methylation
profiles of pure cell and tissue types (28-32) (samples with
sequencing depth greater than 0.1x, 138 reference tissues;
Materials and Methods and Fig. 2 A and B and Dataset 1). We
computed the absolute concentration of tissue-specific cfDNA
by multiplying the proportion of tissue-specific cfDNA with
the concentration of total host-derived cfDNA (Materials and
Methods). The most striking features seen in the data include
the following: 1) a decrease in blood-cell-specific cfDNA frac-
tion in response to conditioning therapy performed to deplete
the patient’s hematopoietic cells and its subsequent increase at
engraftment (Fig. 2C); 2) an increase in total cfDNA concen-
tration at engraftment (Fig. 2D); 3) a decrease in total cfDNA
concentration after 180 d (SI Appendix, Fig. 2); and 4) an asso-
ciation between tissue-specific cfDNA and the incidence of
GVHD (Statistical Analysis).

cfDNA Tissues-of-Origin by Methylation Profiling to Monitor GVHD.
We next examined these features in more detail to explore the
utility of these measurements to monitor immune related compli-
cations of HCT. Prior to conditioning, neutrophils, erythrocyte
progenitors, and monocytes were the major contributors of
cfDNA in plasma (22.9, 124, and 12.2%, respectively, average
cfDNA concentration 208 + 280 ng/mL plasma). A variety of
HCT conditioning regimens have been developed with varying
degrees of organ toxicity and myelosuppression. Most patients
in our cohort received reduced intensity conditioning therapy
(n = 25), whereas two patients received myeloablative condition-
ing therapy. Comparison of cfDNA tissues-of-origin in plasma
before and after conditioning showed a significant drop in blood-
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derived cfDNA, as expected from the function of the conditioning
therapy (mean proportion of hematopoietic cell cfDNA decreased
from 78 + 8 to 55 + 22%, P value = 9.6 x 10~7; Fig. 2C). The
proportion of blood-derived cfDNA increased to 82 + 11% at
engraftment (P value = 1.4 x 107°; Fig. 2C). The most notable
effect of stem cell infusion and engraftment was a significant
increase in the absolute concentration of cfDNA (mean human-
derived cfDNA concentration from 204 ng/mL on day of trans-
plant to 1,763 ng/mL at engraftment [P = 0.021]; Fig. 2D).

We next evaluated the performance of a cfDNA tissue-of-ori-
gin measurement to predict GVHD (Fig. 2E). We defined
GVHD here as the clinical manifestation of any stage of the
disease within the first 6 mo post-HCT (GVHD+; Materials
and Methods). We excluded samples collected after GVHD
diagnosis, as these patients received additional GVHD treat-
ment. We found that the concentration of solid-organ—specific
cfDNA was significantly elevated for patients in the GVHD+
group at month 1, 2, and 3 (P = 0.0025, 0.0032, and 0.0044,
respectively) but not at the two pretransplant timepoints
(P = 0.71 prior to conditioning and P = 0.93 prior to hem-
atopoietic cell infusion) (Fig. 2F). Receiver operating charac-
teristic analysis (ROC) of the performance of cfDNA as a
predictive marker of GVHD yielded an area under the curve
(AUC) of 0.88, 0.95, and 0.96 at engraftment and months 1, 2,
and 3, respectively. These results support the notion that
cfDNA predicts GVHD occurrence as early as 1 mo after
HCT (mean solid organ cfDNA of 873 and 39 ng/mL plasma
for GVHD+ and GVHD—, respectively; ROC AUC = 0.88;
P = 0.0025) (Fig. 2E). Importantly, we found that solid
organ cfDNA concentration was more indicative of GVHD
than total cfDNA concentration (SI Appendix, Fig. 3), high-
lighting the importance of methylation profiling for GVHD
detection.

To evaluate the ability of this assay to pinpoint the site of
GVHD, we quantified the burden of skin-derived cfDNA in the
blood of GVHD-negative individuals (» = 13) and individuals
who developed cutaneous GVHD (n = 12). We found that
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plasma samples from individuals with GVHD had a higher bur-
den of skin-derived cfDNA prior to clinical diagnosis of skin
GVHD when compared to samples from individuals who did
not develop cutaneous GVHD (mean skin cfDNA of 7.2 and
2.1 ng/mL plasma, respectively; P = 0.045 for samples collected
after engraftment and before clinical diagnosis; SI Appendix,
Fig. 4). Skin-derived cfDNA concentration was the highest
among patients who developed severe (grade 3 or 4) skin
GVHD (mean skin cfDNA of 13.1 and 2.1 ng/mL plasma
between samples from patients with severe skin GVHD and
patients who were GVHD negative; P = 0.017, SI Appendix,
Fig. 4). The number of samples from patients diagnosed with
hepatic and gastrointestinal GVHD was insufficient to test the
performance of the assay to identify GVHD-related injury to
the liver or gut (n = 3 and 5, respectively). These results high-
light the promise of whole-genome bisulfite sequencing to iden-
tify the site of incidence of GVHD, although larger follow-on
studies are needed to confirm these results.

Plasma Virome Screening after HCT. cfDNA from microbes can be
detected in the circulation, providing a means to screen for infec-
tion via metagenomic cfDNA sequencing (22, 33-36). This may
be a particularly powerful approach in the context of HCT, given
the high incidence of infectious complications and the broad
range of microorganisms that can cause disease in HCT. To
test this concept, we mined all cfDNA data for microbial-derived
sequences. In a previous study, we found close agreement bet-
ween the abundance of organisms measured by shotgun sequenc-
ing of untreated and bisulfite-treated cfDNA, confirming the
possibility to perform metagenomic cfDNA sequencing by WGBS
(37). To identify microbial-derived cfDNA after WGBS, we first
identified and removed host-related sequences, and we aligned
the remaining unmapped reads to a set of microbial reference
genomes (0.2 + 0.4% of total reads, Materials and Methods). We
implemented a background correction algorithm to remove con-
tributions due to alignment noise and environmental contamina-
tion and compared species abundances by the relative abundance
of species reads to human reads (35, 38) (relative genomic equiva-
lents [RGE)).

Using this procedure, we found a significant increase after
HCT in the burden of cfDNA derived from DNA viruses
(DNA sequencing is not sensitive to RNA molecules, average
RGE of 1.34 and 26.1, preconditioning and month 3, respec-
tively; P = 0.0090), most of which are not part of systematic
clinical testing. Viruses from the Anelloviridae family were the
most abundant (463 occurrences of an Anelloviridae species).
We and others have reported a link between the abundance in
plasma of Anelloviridae and the degree of immunosuppression
in transplantation (39, 40). In line with these observations, the
increase in cfDNA derived from DNA viruses was largely due
to an increase in the burden of Anelloviridae in the first months
after HCT (Fig. 34). Herpesviridae and Polyomaviridae fre-
quently establish latent infection in adults and may reactivate
after allogeneic HCT (41). We identified cfDNA from human
Herpesviridae and Polyomaviridae in 100 of 170 samples from 26
of 27 patients (Fig. 3 B and C).

BK Polyomavirus PCR tests are routinely performed in this
patient population due to the frequent complications related to
BK Polyomavirus. We tested the sensitivity of the cfDNA assay
against a clinically validated BK Polyomavirus PCR screening
test and found strong concordance (sensitivity = 0.89, specificity
= 0.98; SI Appendix, Fig. 5 and Materials and Methods). For
4/6 discordant readouts, where the cfDNA test detected BK
polyomavirus and the PCR test did not (in blood), three were
from a patient with clinically confirmed reactivation of the virus
in the urine (Fig. 3D). These findings demonstrate the possibil-
ity to sensitively screen for infectious complications after HCT
via cfDNA.
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Tumor- and Donor-Specific cfDNA Inform Cancer Relapse and Loss
of Engraftment. Many studies have established the utility of circu-
lating tumor-specific cfDNA for early cancer detection and moni-
toring of minimal residual disease. Here, we assessed the utility
of cfDNA profiling of cancer-associated CNAs as an approach to
detect the presence of leukemia-derived DNA in plasma (Fig.
44) (42). At the Dana-Farber Cancer Institute, chromosomal
aberrations related to malignant blood disorders are examined
using a clinically validated, targeted, ultra-deep sequencing assay
[pre transplant peripheral blood mononuclear cells (PBMC); n =
20 patients, Rapid Heme Panel (RHP) (21)]. Using RHP data,
we identified six patients with CNAs. We next analyzed all
cfDNA WGBS sequence data and found the cfDNA assay was
able to detect leukemia-specific CNAs before transplant in two
of these patients (Fig. 4 B, D, and F, patients 003 [mortality] and
031 [no mortality]). Relative copy number changes were used to
estimate the fraction of cell free originating from tumor cells
(Fig. 4 A and B and Materials and Methods). Last, we found that
the genome-wide cfDNA assay enabled detection of CNAs in
regions not included in the RHP (Fig. 4D), underlining the
importance of a genome-wide approach (43). Copy number
changes were detected in a single sample from a patient that did
not have alterations detected in a RHP taken over 100 d prior to
their preconditioning timepoint.

We highlight three cases that exemplify the utility of continu-
ous patient monitoring. First, fDNA monitoring for patient 031
detected new CNAs after HCT, suggesting the expansion of a
subclonal tumor population over the course of treatment (Fig.
4D and SI Appendix, Fig. 6). In this patient, we estimated tumor
fractions of 90% at preconditioning, 23% at engraftment, and
79% at month 6. Bone marrow biopsies performed 8.5 mo after
transplant (outside the timeframe of the current study) revealed
hypocellular marrow consistent with acute myeloid leukemia.
Second, profiling of patient 015 diagnosed with Philadelphia
chromosome positive ALL (Ph+ALL) revealed the presence of
monosomy 7 at engraftment and all subsequent timepoints (Fig.
4E and SI Appendix, Fig. 7). Clinical chimerism testing based on
short-tandem repeat PCR amplification for this same patient
showed full engraftment of donor cells, and bone marrow exami-
nation showed no evidence of leukemia relapse. Cytogenic analy-
sis performed after transplant confirmed monosomy 7 in donor
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Fig. 4. (A) Overview of tumor fraction estimation using CNAs. (B) Tumor fractions as measured through ichorCNA at all collected timepoints. Patients
without malignant disease and without CNAs (as identified through targeted sequencing) were used to gauge the error in tumor fraction measured by
ichorCNA (up to 12%). (C) Example of a CAN profile in a patient with a nonmalignant blood disorder (with no alterations expected). The few outliers in
the coverage plot for patient 008 are likely due to errors in sequence mapping. Genome-wide plots in (C—F) (Top only in F) are colored by ichorCNA's
identification of a given region as neutral (blue), gained (red), or lost (green). (D-F) CAN profiles of three patients with measurable CNA-based tumor
fractions. (D) Patient 015 was found to have loss of chromosome 7 at the time of engraftment and in all subsequent samples. (E) Patient 031, over the
course of their treatment, developed additional, clinically undetected structural variants. (F) Patient 003 (deceased on day 91) had detectable tumor frac-
tion and clinical evidence of GVHD. Solid-organ—derived cfDNA was higher than the tumor load (line plot, Right-hand side). Top: genome-wide coverage
plot. Bottom Left: copy number profiles on chromosomes 1 and 5 show a decrease in copy number changes at engraftment (yellow) and subsequent
increase at month 3 (blue), when compared to the preconditioning timepoint (black). Bottom Right: Tumor- and solid-organ—derived cfDNA concentra-
tion at all available timepoints for patient 003. Patients 003, 008, 015, and 031 were all male-male donor-recipient pairs.

cells for this patient, highlighting the utility of an untargeted
sequencing assay to identify rare transplantation events. Last, for
patient 003 (Fig. 4F and SI Appendix, Fig. 8), who was diagnosed
with severe GVHD (cutaneous stage 4, overall grade IV,
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unresolved; mortality day 91), cfDNA tissue-of-origin profiling
revealed an increase in solid-organ—derived cfDNA in addition to
increasing tumor-derived cfDNA load (Fig. 4F), potentially
pointing toward a joint GVHD and relapse.
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Plasma Donor-Derived ¢fDNA as a Marker of Mixed Chimerism.
Measurements of donor-recipient chimerism are a routine part
of clinical monitoring and can inform cancer relapse and loss the
donor stem cell graft (44, 45). These measurements are
performed on isolated hematopoietic cell populations and do
not account for the turnover rate of cells, which are often higher
in leukemic cells than in normal cells (46). Therefore, it has been
proposed that chimerism analysis of cfDNA may offer compli-
mentary information to traditional cell-based chimerism analysis
(17, 47). Here, we show the feasibility of measuring donor-
derived cfDNA (dd-cfDNA) by leveraging the relative abundance
of X and Y chromosomes in sex-mismatched recipient pairs
(samples with depth of sequencing > 0.1x; Fig. 54). We analyzed
samples collected prior to transplantation to assess the error rate
of this measurement (mean donor fraction 0.0 + 4.6%). We
found that the donor fraction is highest at engraftment (86 +
13%) and remains constant in the absence of complications (Fig.
5B and SI Appendix, Figs. 9 and 10). We highlight two examples
from patients who experienced HCT complications (Fig. 5C). In
Patient 002, we observed a gradual decrease in dd-cfDNA after
engraftment, with a sharp drop on day 183. This patient devel-
oped disease relapse on day 152, and the gradual decrease in
dd-cfDNA preceded relapse. Similarly, in patient 006, we
observed a steady drop in dd-cfDNA after engraftment, prior to
disease relapse on day 85. The fraction of dd-cfDNA for this
patient subsequently increased at month six, before the patient
entered remission (day 218). While these data show decreases in
donor fraction in patients who experience relapse, changes in
donor fraction in HCT patients may also be due to other clinical
issues, such as loss of engraftment. Taken together, these data
suggest that dd-cfDNA is an informative biomarker for HCT
monitoring and can be used in conjunction with other cfDNA
features to inform levels of donor cell engraftment and quantifi-
cation of residual recipient cells and relapse.

Discussion

In this work, we have introduced a cfDNA assay with the
potential to simultaneously screen for the most important
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Fig. 5. Donor fractions and days posttransplant in sex-mismatched patients.
(A) The donor fraction is measured from the relative coverage of sex chromo-
somes (Materials and Methods). (B) Donor fraction in all sex-mismatched
patients. (C) Donor fraction in two patients who experienced disease relapse.
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complications that arise after allogeneic HCT. This work was
inspired by recent studies that have shown that cfDNA is an
analyte with utility in 1) monitoring rejection after solid-organ
transplantation (48-51); 2) screening for infection and viral
reactivation (33, 36, 37); and 3) early detection of cancer or
relapse of disease (43, 52, 53).

Numerous studies have demonstrated that dd-cfDNA in the
blood of solid-organ transplant recipients is a quantitative
marker of solid-organ transplant injury (49, 50), and a variety
of commercial cfDNA assays are already in use (48, 54-57). We
reasoned that cfDNA may also inform tissue injury due to
GVHD after HCT. To quantify cfDNA derived from any tissue,
we implemented bisulfite sequencing of cfDNA to profile cyto-
sine methylation marks which are comprised within cfDNA and
are cell-, tissue-, and organ-type specific. We found that the
burden of cfDNA from solid organs is predictive of the onset of
GVHD as early as 1 mo after HCT. Protein biomarkers have
previously been investigated for diagnosis and prediction of
GVHD (58, 59). ST2 and REG3-a, which both derive from the
gastrointestinal tract, are two such biomarkers with the stron-
gest predictive power. The cfDNA assay presented here has
inherent advantages over these protein biomarker technologies.
First, cfDNA may provide a generalizable approach to measure
injury to any tissue, whereas protein injury markers may not be
available for all cell and tissue types. Second, because the con-
centration of tissue-specific DNA can be directly related to
the degree of cellular injury (37, 60-62), cfDNA may offer a
measure of injury that can be trended over time.

Whole-genome sequencing is not only responsive to human
host-derived cfDNA but also to microbial cfDNA in the blood
circulation. Several recent studies have demonstrated the value
of metagenomic cfDNA sequencing to screen for infection in a
variety of clinical settings, including urinary tract infection (33,
37), sepsis (36), and invasive fungal disease (63). In HCT, meta-
genomic cfDNA sequencing has been used to identify patho-
gens in blood before clinical onset of bloodstream infections
(64). Here, we explored the potential to identify viral-derived
cfDNA in plasma of HCT recipients using whole-genome bisul-
fite sequencing. This approach revealed the frequent presence
of cfDNA from anelloviruses, cytomegalovirus, herpesvirus 6,
Epstein—Barr virus, and polyomavirus in the blood of HCT
recipients. Anelloviruses were common in this cohort and,
while rarely pathogenic, can be used as a surrogate for the
degree of immunosuppression in transplant patients (39, 40,
65). We demonstrate sensitive detection of BK virus cfDNA for
patients that were BK virus positive in blood and for a patient
that tested negative for BK virus in the blood but tested posi-
tive for BK virus in the urine, which may indicate that the
cfDNA assay reported here has a higher sensitivity than clinical
PCR assays. The assay reported here has the potential to simul-
taneously inform about GVHD, from the tissues-of-origin of
host cfDNA and infection, from metagenomic analysis of
microbial cfDNA. Compared to conventional metagenomic
sequencing, this assay requires one additional experimental
step to bisulfite convert cfDNA, which can be completed within
~2 h and is compatible with multiple existing next-generation
sequencing workflows. However, it remains important to note
that this metagenomic sequencing assay is insensitive to RNA
viruses and microbes for which a reference genome is not
available.

Circulating tumor DNA has been shown to be a highly sensi-
tive molecule for the detection of minimal residual disease (43,
66). The identification of solid-tumor—derived circulating
nucleic acids relies on the identification of single-nucleotide
polymorphisms or CNAs (42, 52) or detection of changes in
DNA fragmentation patterns (53, 67, 68). In this work, we
focused on structural variants of malignant disease to detect
tumor-specific c¢fDNA and found evidence of subclonal
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expansion, newly acquired mutations, and simultaneous occur-
rence of GVHD and cancer relapse. Future studies where
whole-genome sequencing is performed on the primary tumor
cells may uncover tumor-associated single nucleotide polymor-
phisms (SNPs) and be used in conjunction with CNA analysis
to improve detection of circulating tumor DNA in malignant
blood disease (43).

Donor-derived cells and, recently, dd-cfDNA have been
explored as markers for GVHD, loss of graft, and recurrence
of disease (19, 47). We observed increased amounts of
dd-cfDNA at engraftment, and these levels remained elevated
in the absence of HCT complications. For patients that suffered
relapse of disease, we observed a decrease in the burden of
dd-cfDNA, potentially due to suppression of normal marrow
cells by leukemic cells or increases in recipient tissue damage
(19, 69). Studies by Duque-Afonso et al. and Sharon et al.
reported elevated amounts of transplant recipient cfDNA in
cases of GVHD, suggesting patient tissue contributions to the
cfDNA mixture (19, 47). Interestingly, Duque-Afonso et al.
also observed increased recipient cfDNA at the time of relapse
and progressive disease, suggesting that donor-derived (or
recipient-derived) cfDNA alone may not be sufficient in distin-
guishing different important complications of HCT, supporting
the need for an assay that is informative of the tissues-of-origin
of cfDNA. Follow-on studies characterizing the relationship
between dd-cfDNA dynamics and HCT complications such as
graft loss and relapse are necessary to characterize the sensitivity
and specificity of our assay.

This is a proof-of-principle study with several limitations that
can be addressed in future work. First, the scope of the current
study with 27 patients was not powered to detect any associa-
tion of cfDNA with acute GVHD involving organs other than
skin (liver and gut). Our results suggest that cfDNA tissue-of-
origin profiling is predictive of acute GVHD, but larger studies
will be needed to extend the current observations to other sites
of organ damage and to assess its utility in detecting and diag-
nosing chronic GVHD. In addition, larger studies, including
patient populations with diverse HCT complications, are neces-
sary to resolve the origins of cfDNA in cases of relapse of dis-
ease. Despite these potential limitations, we have shown here
that cfDNA is a versatile analyte to monitor HCT patients, and
our data highlights the importance of comprehensive monitor-
ing all origins of cfDNA to assess the most severe complications
of HCT.

Materials and Methods

Study Cohort. We performed a nested case-control study within a prospective
cohort of adult patients undergoing allogeneic HCT at Dana-Farber Cancer
Institute. Patients were followed for 6 mo after HCT. Patients were selected
for this study on a rolling basis and were placed in the GVHD case or control
groups based on clinical manifestation of the disease within the first 6 mo
after HCT. The study was approved by the Dana-Farber/Harvard Cancer
Center’'s Office of Human Research Studies. All patients provided written
informed consent.

For this study, we used 170 blood samples collected from 27 allogeneic HCT
recipients from August 2018 to August 2019. Baseline patient characteristics
were recorded. Covariates of interest included human leukocyte antigen
(HLA) matching, donor relatedness, and donor-recipient sex mismatch (S/
Appendix, Table 1). Date of onset of GVHD as well as GVHD prophylaxis and
treatment regimens were documented. GVHD was diagnosed clinically and
pathologically. GVHD severity was graded according to the Glucksberg criteria
(43). Other clinical events of interest included the development of bloodstream
infections, BK polyomavirus disease, and clinical disease from other DNA
viruses.

Timepoints. Standard timepoints for plasma collection were determined prior
to patient recruitment and included preconditioning (the day of their first
conditioning dose, prior to receiving treatment), transplantation (the day of
transplantation, prior to transfusion), engraftment (detailed in Engraftment)
and months 1, 2, 3, and 6 after transplant. In the event of BK-related
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symptoms, disease, or reactivation, additional timepoints were collected. In
the case of two timepoints overlapping, the sample was preferentially labeled
as engraftment, month 1, month 3, or month 6 (in that order).

Engraftment. Neutrophil engraftment was considered when blood samples
contained an absolute neutrophil count greater or equal than 500 cell per
microliter blood on two separate measurements.

Relapse. Disease relapse was defined through standard criteria for each
underlying disease.

Mixed Chimerism. Mixed chimerism is broadly defined as 5 to 95% T cells of
donor origin (44). Here, we used a criteria of <75% T cells of donor origin to
characterize mixed chimerism. Only timepoints obtained after engraftment
were considered.

Clinical BK Polyomavirus Disease Identification. Patients were identified as BK
virus disease positive when they presented BK-related urinary symptoms that
correlated with positive BK qPCR test in either urine or blood (>10° copies/mL
in urine, >0 copies/mL in blood; Viracor BK gPCR test, reference No. 2500) and
did not have evidence of any other cause of genitourinary pathology at the
time of symptom onset.

Blood Sample Collection and Plasma Extraction. Blood samples were collected
through standard venipuncture in ethylenediaminetetraacetic acid tubes (Bec-
ton Dickinson, reference No. 366643) on admission, before the beginning of
the conditioning chemotherapy, on the day of HCT after the completion of
the conditioning chemotherapy, at engraftment (usually 14 to 21 d after
HCT), and at months 1, 2, 3 and 6 post-HCT. Plasma was extracted through
blood centrifugation (2,000 rpm for 10 min using a Beckman Coulter Allegra
6R centrifuge) and stored in 0.5- to 2-mL aliquots at —80 °C. Plasma samples
were shipped from the Dana-Farber Cancer Institute to Cornell University on
dry ice.

Nucleic Acid Control Preparation. Synthetic oligos were prepared (IDT, S/
Appendix, Table 2), mixed in equal proportions, and diluted at ~150 ng/uL. At
the time of ¢fDNA extraction, 8 uL control was added to 1,992 pL 1x phos-
phate-buffered saline (PBS) and processed as a sample in all downstream
experiments.

fDNA Extraction. cfDNA was extracted according to manufacturer recom-
mendations (Qiagen Circulating Nucleic Acid Kit, reference No. 55114; elution
volume, 45 pL). Eluted DNA was quantified using a Qubit 3.0 Fluorometer
(using 2 pL eluted DNA). Measured cfDNA concentration was obtained using
the following formula:

(Eluted cfDNA concentration) = (Elution volume)

cfDNA concentration =
(Plasma volume)

Whole-Genome Bisulfite Sequencing. ¢fDNA and nucleic acid controls were
bisulfite treated according to manufacturer recommendations (Zymo Methyl-
ation Lightning Kit, reference No. D5030). Sequencing libraries were prepared
using a previously described single-stranded library preparation protocol.
Libraries were quality controlled through DNA fragment analysis (Agilent
fragment analyzer) and sequenced on an Illlumina NextSeq550 machine using
2 + 75-bp reads. Nucleic acid controls were sequenced at ~1% of the total
sequencing lane.

Human Genome Alignment. Adapter sequences were trimmed using BBTools
(70). The Bismark alignment tool (71) was used to align reads to the human
genome (version hg19), remove PCR duplicates, and calculate methyla-
tion densities.

Reference Tissue Methylation Profiles and Tissue-of-Origin Measurement.
Reference tissue methylomes were obtained from publicly available databases
(28-32) (Dataset 1). Genomic coordinates from different sources were normal-
ized and converted to a standard four-column bed file (columns: chromo-
some, start, end, and methylation fraction) using hg19 assembly coordinates.
Methylation profiles were grouped by tissue type, and differentially methyl-
ated regions were found using Metilene (72). Tissues and cell types of origin
were determined using quadratic programming as previously described (37).

Donor Fraction. Donor fractions were calculated by measuring the relative
coverage of X and Y chromosomes in sex-mismatched donor-recipient pairs.
Coverage was summed across binned, 500-base pair windows and adjusted
for mappability and guanine-cytosine content using HMMcopy (33, 73).
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Tumor Fraction. ichorCNA (42) (version 2.0) was used to detect CNAs and esti-
mate tumor fraction in patients with cancer. A window size of 1 MB along
with a ploidy of(2,3) and a wide range of nontumor restart fractions were
used to calculate coverage on autosomal chromosomes. Coverage was nor-
malized using a panel of normals generated from the plasma of five healthy
donors (IRB 1910009101). The plasma used for the panel of normals was proc-
essed using the same workflow as described in the whole-genome bisulfite
sequencing methods to account for experimental and sequencing artifacts.
The normalized coverage profile for each sample was then used to detect
CNAs and estimate tumor fraction.

Metagenomic Alignment and Quantification of Microbial cfDNA. After WGBS,
reads were adapter trimmed using BBTools (70), and short reads are merged
with FLASH (74). Sequences were aligned to a C-to-T converted genome using
Bismark (71). Unmapped reads were BLASTed (75) using hs-blastn (76) to a list
of C-to-T-converted microbial reference genomes. A relative abundance of all
detected organisms was determined using GRAMMy (77), and relative geno-
mic abundances are measured as previously described (35). Microbial cfDNA
fraction was calculated by dividing the unique number of reads mapping to
microbial species (after adjusting for the length of each microbial genome in
the reference set) to the total number of adapter-trimmed reads. Human frac-
tion is estimated as 1 — microbial fraction. Microbial species were then filtered
for environmental contamination and alignment noise using previously
described methods (38).

fDNA Concentration. cfDNA concentration of a specific tissue or microbe is
calculated as follows:

Normalized cfDNA concentration
(cfDNA concentration) * (Nucleic acid control input mass)

Nucleic acid control output mass

Tissue specific cfDNA concentration = (Normalized cfDNA concentration)
« (human read fraction)
«* (tissue proportion)
Microbial cfDNA concentration = (Normalized cfDNA concentration)

« (microbial read fraction)

<fDNA BK Polyomavirus Identification. In our unbiased metagenomic cfDNA
assay, we use RGE, the relative coverage of a given viral genome compared to
the host (hg19) coverage, to compare the microbial abundance of samples
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with different sequencing depths. Therefore, a BK polyomavirus RGE > 0
implies that at least one cfDNA molecule mapped to the BK genome after fil-
tering for batch effects and the presence of contamination in negative con-
trols (see nucleic acid control section). Here, we defined an RGE > 0 as positive
for BK virus. To determine this RGE threshold, we used samples from patients
with no detected BK through blood and urine PCR as true negatives (n =18)
and samples from patients with detectable BK virus through blood PCR as true
positives (n = 121). Comparing the RGE from these groups revealed significant
differences in the amount of BK-derived cfDNA (mean 1.527 + 3.292 versus
0.001 + 0.007 RGE in clinically positive and negative samples, respectively; P <
2.2 x 107'®). ROC analysis on this data also revealed an AUC of 0.942 (S/
Appendix, Fig. 5). Comparing the RGE of the false-positives (RGE = 0.024, 0.
032, and 0.07) to the lower-end RGEs of true positives (RGE = 0.00, 0.00, 0.
0299, 0.038, and 0.09), we opted to minimize false-negatives with a cutoff of
RGE > 0.

Depth of Coverage. The depth of sequencing was measured by summing the
depth of coverage for each mapped base pair on the human genome after
duplicate removal and dividing by the total length of the human genome
(hg19, without unknown bases).

Bisulfite Conversion Efficiency. We estimated bisulfite conversion efficiency
by quantifying the rate of C[A/T/C] methylation in human-aligned reads [using
MethPipe (78)], which are rarely methylated in mammalian genomes.

Statistical Analysis. Statistical analysis was performed in R (version 3.5). All
tests were performed using a two-sided Wilcoxon test.

Data Availability. Sequence data is being deposited at the database for phe-
notypes and genotypes (dbGaP, https://www.ncbi.nlm.nih.gov/projects/gap/
cgi-bin/study.cgi?study_id=phs001564.v3.p1). All code used to generate fig-
ures and analyze primary data are available at GitHub (https:/github.com/
alexpcheng/gvhd_submission) (79).
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